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AMPK activation and outcome 
are likely context dependent
AMPK is an evolutionally conserved Ser/
Thr kinase that serves a crucial physiologi-
cal function as a cellular energy sensor (1). 
It is a heterotrimeric complex composed 
of a catalytic α subunit and two regulatory 
β and γ subunits at 1:1:1 ratio. The β sub-
unit acts as a scaffold, interacting with the 
α subunit containing the kinase domain 
and the γ subunit containing four nucle-
otide-binding sites that allow AMPK to 
sense the status of cellular energy state. 
Two isoforms of α and β subunits and three 
isoforms of the γ subunit have been identi-
fied, giving rise to 12 distinct AMPK com-
plexes (1). Despite functional redundancy, 
these complexes may differ in their tissue- 
and cell-specific distribution, regulation, 
subcellular localization, and biochemical 
properties and function (2). Cellular ATP 
concentration is kept at a constant lev-
el to ensure adequate ATP supply, which 
is essential to the survival of mamma-
lian cells. Energy stress causes changes 
in AMP/ATP and ADP/ATP ratios. AMP 
binding to the γ subunit allosterically acti-

vates the complex and promotes the phos-
phorylation of Thr172 at the kinase domain 
of α subunit by upstream kinase of LKB1, 
which is a step required for catalytic acti-
vation of the complex (1). A rise in intra-
cellular Ca2+ also activates AMPK through 
CAMKK2-mediated phosphorylation of 
Thr172. AMPK activation is instrumental 
in restoration of energy balance, acting by 
turning off energy-consuming processes, 
such as protein and lipid synthesis, and 
turning on energy-generating processes 
such as glucose metabolism, mitochon-
drial biogenesis, and autophagy, through a 
myriad of effectors (1).

As one of the high energy–consuming 
organs, the brain is vulnerable to distur-
bance in energy metabolism. A large body 
of evidence has demonstrated reduced 
energy metabolism as an early and consis-
tent feature in Alzheimer’s disease (AD) 
(3). Insulin resistance, abnormal glucose 
transport, mitochondrial dysfunction, 
dysregulated cholesterol metabolism, and 
calcium homeostasis are also prominent 
features in the AD brain (3, 4). These stud-
ies implicate a potential role of AMPK sig-

naling in AD. Indeed, recent studies found 
putative pathogenic somatic mutations in 
the AD brain enriched in the AMPK path-
way genes (5). Robust AMPK activation, 
as evidenced by increased Thr172 phos-
phorylation, was found in tangle- and pre-
tangle-bearing neurons in AD brain (6). 
However, accumulating evidence appears 
to depict a complex role of dysregulated 
AMPK signaling in AD: AMPK directly 
phosphorylates tau protein, but it is also 
able to inhibit tau phosphorylation/aggre-
gation through GSK3β inhibition or SIRT1 
activation–mediated deacetylation of tau 
(7). AMPK activation could increase Aβ 
generation through ER stress (8) or tran-
scriptional upregulation of BACE1 (9); 
however, it can also reduce Aβ levels by 
reducing lipid raft localization of APP pro-
tein through modulation of sphingomy-
elin levels or by enhancing Aβ clearance. 
AMPK activation by metformin alleviated 
mitochondrial, pathological, and cognitive 
deficits in AD models (10, 11), but AMPK 
inhibitor compound C treatment corrected 
toxic effects of Aβ on synaptic function (12, 
13). While these studies underscore the 
critical roles of AMPK in the development 
of many aspects of AD, the controversy 
highlights the notion that AMPK activation 
and outcome are likely context dependent. 
It is possible that different isoforms and/or 
distinct AMPK complexes may contribute 
to the complexity (14).

AMPK isoform differences in 
Alzheimer’s disease
Neurons show widespread expression 
of both AMPKα1 and AMPKα2 isoforms 
of the catalytic subunit. The AMPKα2 
isoform is the predominant subunit in 
the brain, with constantly high neuronal 
expression, especially in the cortex and 
hippocampus, while AMPKα1 isoform 
expression peaks in embryos and declines 
during development (15, 16). Although 
AMPK is activated in AD, it is not known 
which AMPKα isoforms contribute to the 
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AMPK is a heterotrimeric complex that serves as a major sensor of energy 
status in eukaryotic cells. Accumulating evidence depicts a complex role 
of dysregulated AMPK signaling in Alzheimer’s disease (AD). In this issue 
of the JCI, Zimmermann et al. report on their investigation of AD-specific 
differential expression of AMPKα1 and AMPKα2 isoforms of the catalytic 
subunit and demonstrate that genetic reduction of AMPKα1, but not 
AMPKα2, rescued cognitive decline in AD mouse models. These findings 
reveal an isoform-specific role of AMPKα in the pathogenesis of AD, which 
likely provides a more precise target for future therapeutic development.
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contribute to AD. Indeed, reduced AMP-
Kα2 expression exacerbated eEF2 hyper-
phosphorylation and protein synthesis 
inhibition in the AD mouse model. There-
fore, future studies to restore AMPKα2 
signaling in AD models are warranted to 
clarify the role of AMPKα2 in AD.

Given that changes in energy metabo-
lism are implicated in many neurodegen-
erative diseases, it is puzzling that changes 
of AMPKα were only found in AD and not 
in other neurodegenerative diseases, such 
as FTD and DLB. This AD-specific effect 
may prompt one to speculate that different 
patterns of brain energy crisis accompany 
different types of diseases. However, prior 
studies demonstrated AMPK activation, 
measured by Thr172 phosphorylation, in 
cerebral neurons of multiple tauopathies, 
including Pick’s disease and progressive 
supranuclear palsy (6). Since Zimmermann 
et al. (17) did not determine AMPK activa-
tion/phosphorylation in the human brain, 
there is a possibility that phosphorylation, 
rather than expressional change, may acti-
vate AMPK in FTD or DLB samples. Never-
theless, the isoform-specific dysregulation 
of AMPK in postmortem AD brain tissue 
raised the important question of how AMP-
Kα1/2 is differentially regulated in AD. 
While Aβ could induce AMPKα phosphor-
ylation via Ca2+-mediated CAMKK2 acti-
vation (12), not much is known about how 
AMPKα expression may be modulated. In 
this regard, it is of interest to mention that 
AMPKα expression could be induced in 
activated astrocytes in the brain (15).

Zimmermann et al. (17) explored the 
mechanisms that underlie the protective 
effects of reduced AMPKα1 in APP Tg 
mice by focusing on protein synthesis. 
Given the distinct effects of AMPKα1 and 
AMPKα2 in the AD mouse, the authors 
performed mass spectrometry analysis 
and revealed that expression of ten pro-
teins was uniquely restored by AMPKα1, 
but not by AMPKα2, which is worth fur-
ther investigation. However, AMPK is a 
versatile signaling protein with multiple 
effectors that regulate various important 
cellular functions (7), many of which are 
altered in AD. Therefore, it remains to be 
determined what other downstream path-
ways, such as mitochondrial biogenesis 
(22), autophagy, cholesterol dyshomeo-
stasis (23), etc., are selectively rescued by 
AMPKα1 reduction.

mouse model, presumably through AMPK 
activation (10). How can we reconcile 
these contradictory findings? Does met-
formin selectively act on specific AMPK 
complexes other than those containing 
AMPKα1? Or, perhaps, did metformin 
mobilize additional pathways in concert 
with AMPK activation that are needed for 
protection? (b) It is unclear whether the 
expression pattern of AMPKα isoforms is 
the same in rodents and in humans, affect-
ing whether this study (17) is applicable to 
human disease. This isoform expression 
ambiguity is not trivial, since prior studies 
demonstrated species-specific roles of dif-
ferent AMPK subunits. For example, AMP-
Kγ2 is highly expressed in the human heart, 
but not in the mouse heart (2). AMPKγ2 
mutations caused human Wolff-Parkin-
son-White syndrome, affecting the heart, 
but knockin mice with these mutations 
failed to recapitulate the heart phenotype 
(2). (c) The two APP transgenic mouse 
models (Tg19959 and APP/PS1) used in 
this study (17) are models with relatively 
rapidly progressive amyloid pathology and 
cognitive dysfunction. Slower progres-
sive disease mouse models may need to 
be used to confirm the finding. It is worth 
noting that AMPK activation appears to be 
detrimental in a quickly developing mouse 
model of advanced Huntington disease 
(20), while it is protective in progressive 
animal models of early phase Huntington 
disease (21). Detailed characterization of 
AMPK signaling in different AD stages will 
also be of value.

Unlike reduced AMPKα1 expression, 
reduced AMPKα2 expression had no ben-
eficial effect in AD mouse models. Does 
the result suggest AMPKα2 is not involved 
in AD? Probably not. It should be noted 
that the protein level of AMPKα2 was dra-
matically decreased in the hippocampus 
of sporadic AD patients. It is unlikely this 
decrease was a compensation for AMP-
Kα1 elevation, since AMPKα2 levels were 
maintained when AMPKα1 levels were 
changed, as occurred in the brain from 
either familial AD patients or AMPKα1 
haploinsufficient mice. More important-
ly, reduced AMPKα2 expression by itself 
impaired long-term synaptic plasticity 
and caused memory deficits, highlight-
ing the importance of AMPKα2 as the 
predominant isoform in the brain. These 
data hint that AMPK2α reduction may 

disease. In this issue of the JCI, Zimmer-
mann et al. (17) aimed to fill this important 
gap in our knowledge. The researchers 
found that expression of the AMPKα1 iso-
form was consistently elevated in the hip-
pocampus from both sporadic and familial 
AD patients and in the Tg19959 APP trans-
genic mouse model. In contrast, AMPKα2 
expression was decreased in the hippo-
campus from sporadic AD patients. These 
changes in AMPKα expression appeared 
to be AD specific, since AMPKα1/2 lev-
els were unaffected in either Lewy body 
dementia (LBD) or frontotemporal 
dementia (FTD). Importantly, reduced 
expression of AMPKα1, but not AMPKα2, 
in hippocampal and cortical neurons effec-
tively rescued synaptic deficits and memo-
ry decline in 2 different amyloid-β–bearing 
AD mouse models. However, it is some-
what surprising that no effects on amyloid 
pathology were found. Nevertheless, the 
reduction of AMPKα1, but not AMPKα2, 
corrected AD-associated hyperphosphor-
ylation of eukaryotic elongation factor 2 
(eEF2) and restored de novo protein syn-
thesis (17). This change in protein synthe-
sis is consistent with the rescuing effects 
on synaptic function and cognition, since 
nascent protein synthesis is essential for 
producing the synaptic modification need-
ed for long-term memory storage (18). Giv-
en that prior studies from this same group 
demonstrated a critical role of aberrant 
eEF2 signaling in causing cognitive and 
pathological deficits in AD (19), these data 
suggest that upregulation of AMPKα1 in 
AD caused cognitive declines at least part-
ly through eEF2-mediated chronic repres-
sion of protein synthesis. Therefore, this 
study provided a first set of evidence iden-
tifying an isoform-specific pathogenic role 
of AMPKα1 in AD, which paves the road for 
a more precise target development in the 
fight against AD (17).

Conclusions and future 
directions
While finding and characterizing an iso-
form-specific role of AMPKα in AD is a 
leap forward (17), future efforts to address 
some additional questions are certainly 
needed before we move ahead with trans-
lational studies: (a) reduced AMPKα1 res-
cued cognitive decline in APP/PS1 mice, 
yet metformin protected against cogni-
tive and pathological deficits in this same 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7


The Journal of Clinical Investigation      C O M M E N T A R Y

3 4 0 5jci.org      Volume 130      Number 7      July 2020

	 15.	Turnley AM, Stapleton D, Mann RJ, Witters LA, 
Kemp BE, Bartlett PF. Cellular distribution and 
developmental expression of AMP-activated 
protein kinase isoforms in mouse central ner-
vous system. J Neurochem. 1999;72(4):1707–1716.

	 16.	Culmsee C, Monnig J, Kemp BE, Mattson MP. 
AMP-activated protein kinase is highly expressed 
in neurons in the developing rat brain and pro-
motes neuronal survival following glucose depri-
vation. J Mol Neurosci. 2001;17(1):45–58.

	 17.	Zimmermann HR, et al. Brain-specific repres-
sion of AMPKα1 alleviates pathophysiology 
in Alzheimer’s model mice. J Clin Invest. 
2020;130(7):3511–3527.

	 18.	Hernandez PJ, Abel T. The role of protein 
synthesis in memory consolidation: progress 
amid decades of debate. Neurobiol Learn Mem. 
2008;89(3):293–311.

	 19.	Beckelman BC, et al. Genetic reduction of 
eEF2 kinase alleviates pathophysiology in 
Alzheimer’s disease model mice. J Clin Invest. 
2019;129(2):820–833.

	20.	Ju TC, et al. Nuclear translocation of 
AMPK-alpha1 potentiates striatal neurode-
generation in Huntington’s disease. J Cell Biol. 
2011;194(2):209–227.

	 21.	Vázquez-Manrique RP, et al. AMPK activation 
protects from neuronal dysfunction and vul-
nerability across nematode, cellular and mouse 
models of Huntington’s disease. Hum Mol Genet. 
2016;25(6):1043–1058.

	22.	Sheng B, et al. Impaired mitochondrial bio-
genesis contributes to mitochondrial dys-
function in Alzheimer’s disease. J Neurochem. 
2012;120(3):419–429.

	 23.	Williams T, Borchelt DR, Chakrabarty P. Ther-
apeutic approaches targeting apolipoprotein E 
function in Alzheimer’s disease. Mol Neurodege-
ner. 2020;15(1):8.

and pre-tangle-bearing neurons in Alzheimer’s 
disease and other tauopathies. Acta Neuropathol. 
2011;121(3):337–349.

	 7.	Salminen A, Kaarniranta K, Haapasalo A, Soin-
inen H, Hiltunen M. AMP-activated protein 
kinase: a potential player in Alzheimer’s disease. 
J Neurochem. 2011;118(4):460–474.

	 8.	Yoon SO, et al. JNK3 perpetuates metabol-
ic stress induced by Aβ peptides. Neuron. 
2012;75(5):824–837.

	 9.	Chen Y, et al. Antidiabetic drug metformin 
(GlucophageR) increases biogenesis of Alz-
heimer’s amyloid peptides via up-regulating 
BACE1 transcription. Proc Natl Acad Sci U S A. 
2009;106(10):3907–3912.

	 10.	Ou Z, et al. Metformin treatment prevents 
amyloid plaque deposition and memory impair-
ment in APP/PS1 mice. Brain Behav Immun. 
2018;69:351–363.

	 11.	Chiang MC, Cheng YC, Chen SJ, Yen CH, Huang 
RN. Metformin activation of AMPK-dependent 
pathways is neuroprotective in human neural stem 
cells against Amyloid-beta-induced mitochondrial 
dysfunction. Exp Cell Res. 2016;347(2):322–331.

	 12.	Mairet-Coello G, Courchet J, Pieraut S, Courchet 
V, Maximov A, Polleux F. The CAMKK2-AMPK 
kinase pathway mediates the synaptotoxic 
effects of Aβ oligomers through Tau phosphory-
lation. Neuron. 2013;78(1):94–108.

	 13.	Ma T, et al. Inhibition of AMP-activated protein 
kinase signaling alleviates impairments in hip-
pocampal synaptic plasticity induced by amyloid 
β. J Neurosci. 2014;34(36):12230–12238.

	 14.	Rajamohan F, et al. Probing the enzyme kinetics, 
allosteric modulation and activation of α1- and 
α2-subunit-containing AMP-activated protein 
kinase (AMPK) heterotrimeric complexes by 
pharmacological and physiological activators. 
Biochem J. 2016;473(5):581–592.

Acknowledgments
This work was supported in part by the NIH 
(AG049479 and AG056363) and the Alzhei-
mer’s Association (AARG-16-443584).

Address correspondence to: Xiongwei Zhu. 
Department of Pathology, Case Western 
Reserve University, 2103 Cornell Road, 
Cleveland, Ohio 44106, USA. Phone: 
216.368.5903; Email: xiongwei.zhu@
case.edu. Or to: Chunyu Wang, Depart-
ment of Neurology, Second Xiangya Hos-
pital, Central South University,139 People 
Road, Changhsa, Hunan, China. Phone: 
86.15073144560; Email: wangchunyu@
csu.edu.cn.

	 1.	Lin SC, Hardie DG. AMPK: sensing glucose 
as well as cellular energy status. Cell Metab. 
2018;27(2):299–313.

	 2.	Carling D. AMPK signalling in health and dis-
ease. Curr Opin Cell Biol. 2017;45:31–37.

	 3.	Wang W, Zhao F, Ma X, Perry G, Zhu X. Mito-
chondria dysfunction in the pathogenesis of 
Alzheimer’s disease: recent advances. Mol Neu-
rodegener. In press. 

	 4.	Jiang S, Shao C, Tang F, Wang W, Zhu X. 
Dynamin-like protein 1 cleavage by cal-
pain in Alzheimer’s disease. Aging Cell. 
2019;18(3):e12912.

	 5.	Park JS, et al. Brain somatic mutations observed 
in Alzheimer’s disease associated with aging 
and dysregulation of tau phosphorylation. Nat 
Commun. 2019;10(1):3090.

	 6.	Vingtdeux V, Davies P, Dickson DW, Maram-
baud P. AMPK is abnormally activated in tangle- 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://doi.org/10.1385/JMN:17:1:45
https://doi.org/10.1385/JMN:17:1:45
https://doi.org/10.1385/JMN:17:1:45
https://doi.org/10.1385/JMN:17:1:45
https://doi.org/10.1385/JMN:17:1:45
https://doi.org/10.1172/JCI133982
https://doi.org/10.1172/JCI133982
https://doi.org/10.1172/JCI133982
https://doi.org/10.1172/JCI133982
https://doi.org/10.1016/j.nlm.2007.09.010
https://doi.org/10.1016/j.nlm.2007.09.010
https://doi.org/10.1016/j.nlm.2007.09.010
https://doi.org/10.1016/j.nlm.2007.09.010
https://doi.org/10.1172/JCI122954
https://doi.org/10.1172/JCI122954
https://doi.org/10.1172/JCI122954
https://doi.org/10.1172/JCI122954
https://doi.org/10.1083/jcb.201105010
https://doi.org/10.1083/jcb.201105010
https://doi.org/10.1083/jcb.201105010
https://doi.org/10.1083/jcb.201105010
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1007/s00401-010-0759-x
https://doi.org/10.1007/s00401-010-0759-x
https://doi.org/10.1007/s00401-010-0759-x
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1016/j.neuron.2012.06.024
https://doi.org/10.1016/j.neuron.2012.06.024
https://doi.org/10.1016/j.neuron.2012.06.024
https://doi.org/10.1073/pnas.0807991106
https://doi.org/10.1073/pnas.0807991106
https://doi.org/10.1073/pnas.0807991106
https://doi.org/10.1073/pnas.0807991106
https://doi.org/10.1073/pnas.0807991106
https://doi.org/10.1016/j.bbi.2017.12.009
https://doi.org/10.1016/j.bbi.2017.12.009
https://doi.org/10.1016/j.bbi.2017.12.009
https://doi.org/10.1016/j.bbi.2017.12.009
https://doi.org/10.1016/j.yexcr.2016.08.013
https://doi.org/10.1016/j.yexcr.2016.08.013
https://doi.org/10.1016/j.yexcr.2016.08.013
https://doi.org/10.1016/j.yexcr.2016.08.013
https://doi.org/10.1016/j.yexcr.2016.08.013
https://doi.org/10.1016/j.neuron.2013.02.003
https://doi.org/10.1016/j.neuron.2013.02.003
https://doi.org/10.1016/j.neuron.2013.02.003
https://doi.org/10.1016/j.neuron.2013.02.003
https://doi.org/10.1016/j.neuron.2013.02.003
https://doi.org/10.1523/JNEUROSCI.1694-14.2014
https://doi.org/10.1523/JNEUROSCI.1694-14.2014
https://doi.org/10.1523/JNEUROSCI.1694-14.2014
https://doi.org/10.1523/JNEUROSCI.1694-14.2014
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1042/BJ20151051
mailto://xiongwei.zhu@case.edu
mailto://xiongwei.zhu@case.edu
mailto://wangchunyu@csu.edu.cn
mailto://wangchunyu@csu.edu.cn
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1016/j.ceb.2017.01.005
https://doi.org/10.1016/j.ceb.2017.01.005
https://doi.org/10.1111/acel.12912
https://doi.org/10.1111/acel.12912
https://doi.org/10.1111/acel.12912
https://doi.org/10.1111/acel.12912
https://doi.org/10.1038/s41467-019-11000-7
https://doi.org/10.1038/s41467-019-11000-7
https://doi.org/10.1038/s41467-019-11000-7
https://doi.org/10.1038/s41467-019-11000-7
https://doi.org/10.1007/s00401-010-0759-x
https://doi.org/10.1007/s00401-010-0759-x

